Introduction
[2] Tropospheric aerosols with their direct and indirect radiative forcing remain to be one of the most important uncertainties in climate modeling. Optical properties of aerosols are needed to assess their influence on surface UV irradiance, on the partitioning of direct and diffuse parts of surface irradiance, and on the amount of photosynthetically active radiation available for plant growth. Additionally, a quantitative analysis of land surface processes is only possible, if information about aerosol content and composition is available.
[3] More specifically, one needs to obtain operational global observations of aerosol optical thickness (AOT), especially in the boundary layer, its absorption and scattering properties, vertical profiles, size distributions and chemical composition. In principle aerosol retrieval can be performed by inversion from data of several groups of satellite sensors: (1) Multispectral near-nadir viewing such as MODIS and Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIA-MACHY), (2) dual view and multiangle, multispectral viewing such as MISR and Advanced Along Track Scanning Radiometer (AATSR), (3) multiangle, multispectral viewing with polarization such as POLDER, and in the stratosphere (4) limb viewing such as SCIAMACHY and SAGE.
[4] Currently, several aerosol monitoring schemes using Earth observation are available: The NOAA operational method uses a dark field approach to retrieve aerosol optical depth [Husar et al., 1997; Stowe et al., 1997] . A similar approach is applied to European Remote Sensing (ERS-2)/Global Ozone Monitoring Experiment (GOME) and planned for Envisat/SCIAMACHY data [Guzzi et al., 1998 [Guzzi et al., , 2001 Toricella et al., 1999] . The Advanced Very High Resolution Radiometer (AVHRR) retrieval algorithm over ocean was extended to a two-channel method to avoid dependence on a prescribed type of aerosols [Higurashi et al., 2000] . The TOMS derived aerosol index relies on the ratio between 340 and 380 nm UV radiances . Additionally, the TOMS exploitation was enhanced through an approach using a forward calculations lookup table for 340 and 380 nm radiances [Torres et al., 1998 ] to cover non-UV-absorbing aerosols and to deliver AOT values. The dual view possibility of ERS-2/ATSR-2 data was exploited by Veefkind et al. [1998] and Gonzales et al. [2000] . Additionally, SAGE solar occultation measurements deliver information about stratospheric aerosols. A detailed summary of the current status and plans for aerosol retrieval is given by Kaufman et al. [1997a] and King et al. [1999] .
[5] However, most of these methods have major restrictions in fulfilling the requirements mentioned above. First of all, only the NOAA-AVHRR and the TOMS UV ratio algorithm are operational. The NOAA/AVHRR aerosol retrieval is restricted to the oceans as is the planned use of ERS-2/GOME and Envisat/SCIAMACHY data. The TOMS aerosol retrieval, based on the ratio of 340 and 380 nm, is sensitive only for UV absorbing aerosols. The TOMS lookup table approach overcomes this restriction and retrieves all aerosol classes, but this approach is very sensitive to subpixel cloud contamination that occurs very often inside the TOMS footprint of 40 Â 40 km 2 [Torres et al., 1998 [Torres et al., , 2002 . The dual view retrieval from ERS-2/ATSR-2 has major deficiencies in retrievals over highly structured terrain since the operational coregistration of nadir and forward pixels is done by the data distributor without a digital terrain model. Therefore, the observed targets on the ground are not the same in the two views of one pixel, which spoils the necessary correlation between these two measurements. Finally, SAGE was designed especially for the stratosphere and is therefore, not applicable for tropospheric and total aerosol monitoring (although SAGE3 extends partly into the upper troposphere).
[6] With the beginning of the new decade a number of new spaceborne instruments promise a large step forward in aerosol monitoring capabilities. Among these are SCIA-MACHY and AATSR onboard Envisat (launched 1 March 2002) with their predecessors GOME and ATSR-2 (onboard ERS-2, launched April 1995), POLDER and OCTS onboard ADEOS-2 (planned launch 2002; ADEOS-1 was active for 8 months in 1996/1997), and MISR and MODIS onboard the EOS-TERRA1 (launched December 1999) and EOS-AQUA (launched 5 May 2002) . The use of MODIS and MISR [Kahn et al., 1997] is in the optimization and validation phase. Hoyningen-Huene et al. (Retrieval of aerosol optical thickness over land surfaces from top-of-atmosphere radiance, submitted to Journal of Geophysical Research, 2001 ) demonstrated an alternative approach for the exploitation of SeaWIFS and SCIA-MACHY measurements using a set of standardized surface spectra in the visible spectral region which are adapted to the measured spectra on the basis of the Normalized Difference Vegetation Index (NDVI). Leroy et al. [1997] and Deuze et al. [2000] showed the potential for aerosol retrieval over land from polarization measurements of POLDER.
[7] In order to overcome the restrictions of monosensoral methods mentioned above, a new Synergetic Aerosol Retrieval method (SYNAER) was developed. A dark field approach for the ATSR-2 is combined with exploitation of the high spectral resolution of the GOME to retrieve boundary layer aerosol optical depth and aerosol type over land and ocean. SYNAER is part of efforts at the German Remote Sensing Data Center (DFD) in preparation of the Envisat phase: It is planned to use the data of SCIA-MACHY and AATSR instruments onboard Envisat to derive aerosol products operationally.
[8] Part 1 contains a brief summary of key features of the exploited instruments in section 2. The new method will be described in detail in section 3. Underlying assumptions, inherent limitations and the application potential of the methodology are discussed in section 4. First examples and validation results are shown in part 2 of this paper [Holzer-Popp et al., 2002] .
Exploited Satellite Instruments
[9] ATSR-2 and GOME are active onboard the European platform ERS-2 since 1995 and simultaneously observe the same area on the globe. ATSR-2 measures Earth reflected radiances in 5 spectral bands centered at 0.55, 0.67, 0.87, 1.6, and 3.7 mm with bandwidths of 25-66 nm and brightness temperatures in 2 thermal channels at 11 and 12 mm. All observations are taken under two viewing angels (nadir and 52°forward) with a ground resolution of approximately 1.1 km 2 . The main target of ATSR-2 is the observation of sea surface temperature with high accuracy [Zavody et al., 1995] . GOME observes near-nadir reflection from the Earth in the range from 240 to 790 nm with a spectral resolution of 0.2 -0.4 nm and a pixel size of either 320 Â 40 or 80 Â 40 km 2 (the latter has been operated during the entire 9 month commissioning phase and since July 1997, 3 days/month). Its principal goal is the monitoring of stratospheric ozone but further stratospheric trace gases can be also measured [Burrows et al., 1999] . Because both instruments measure the solar illumination regularly, Earth reflectances can be calculated with significantly reduced calibration errors as compared to the use of calibrated radiances. The cross correlation of spectrally and spatially integrated reflectances measured by both instruments was found to satisfy high accuracy requirements with deviations less than 4% [Koeljemeier et al., 1997] .
[10] The Advanced ATSR (AATSR) and the SCIA-MACHY are flown on the European platform Envisat (launched 1 March 2002). AATSR has spatial and spectral characteristics very similar to ATSR-2. SCIAMACHY has a nadir and an additional limb viewing mode. Its nadir pixel size is 60 Â 30 km 2 and it has an extended spectral range covering 240-1750 nm completely and 1940-2380 nm partly with a spectral resolution between 0.2 and 1.5 nm.
The Retrieval Method
[11] Due to its synergetic exploitation of two instruments SYNAER is a rather complex retrieval scheme. gives an overview of the SYNAER method and each of its boxes is explained in a separate section below.
Aerosol Model
[12] The aerosol model consists of three vertical layers with different optical properties. AOT and surface albedo values for ATSR-2 pixels are derived for 40 boundary layer aerosol mixtures (Table 1) because the retrieved values depend strongly on the aerosol type and air humidity. The 40 boundary layer aerosol mixtures are composed using the external mixing approach [World Climate Program, 1986] , which allows the mixing of arbitrary aerosol types from a set of basic components. For SYNAER six components (water soluble, water insoluble, sea salt accumulation and coarse mode, soot, and mineral transported) from the Optical Parameters of Aerosols and Clouds (OPAC) database [Hess et al., 1998 ] are used. Each mixture is defined by percentage contributions of the components to the total boundary layer AOT (BLAOT). For large particles with a large specific extinction coefficient, only small percentage values are used in conformity with observations [Köpke et al., 1997] . However, in the case of a desert dust outbreak (mixtures 15 -17 and 35-37) a dominating contribution of large particles is allowed. The OPAC components are defined by their complex index of refraction, a lognormal size distribution, and a humidity dependence for hygroscopic particles. Through Mie calculations the optical properties of each component are derived and each component summarizes an ensemble of optically similar particles. OPAC was compiled on the basis of a vast number of measurements and the experiences and thorough evaluation of earlier aerosol climatologies in order to describe the typical composition of the global aerosol with a representative but small set of basic components (Global Aerosol Data Set (GADS)) [Köpke et al., 1997] . Their definition is given in Table 2 .
[13] All particles are assumed to be spherical so that their optical properties can be calculated with Mie theory. Nonsphericity of the particle shape is not taken into account as the sensitivity of near-nadir measurements of GOME and ATSR-2 is expected to be too low for retrieving information on particle shape. However, for large particles (minerals, sea salt) this might be a source of error, which has to be investigated further. It should be noted that these components are meant to describe a representative set of typical parts of the global aerosol load. The optical properties (spectral extinction coefficient, spectral absorption fraction, and spectral phase function) are assumed to exist only in a limited number of combinations due to their link to microphysical properties.
[14] Above the boundary layer, free tropospheric and stratospheric AOT at 550 nm is set to 0.025 and 0.005, Figure 1 . Flowchart of major processing steps in the SYNAER retrieval method. SYNAER is based on three processing columns: GOME spectra are corrected for instrument, cloud, and ozone effects and then used as reference measurements. ATSR-2 radiances deliver cloud detection, AOT retrieval over dark fields, and surface albedo retrieval as input to simulations of GOME spectra. These simulations are conducted for a set of typical atmospheric aerosol mixtures, which are composed from a basic set of aerosol components. The result of this synergetic procedure is the AOT and the aerosol type.
respectively [World Climate Program, 1986] , with a free tropospheric and stratospheric background aerosol type as used in LOWTRAN7 [Kneizys et al., 1988 ] The values of 0.025 and 0.005 were recommended by an expert panel on the basis of a large amount of observations for the purpose of defining a mean standard atmosphere above the boundary layer. This means that the conversion of BLAOT values into AOT values at 550 nm is simply achieved by adding 0.03. This approach is justified for the investigated period 1995 -1998 (no major volcanic eruption after 1992). The height of the boundary layer is varied from 2 to 4 km to account for the typical vertical extent of different aerosol types (see Table 1 ). It should be noted that in the case of a desert dust outbreak the boundary layer in SYNAER merges two sublayers (the desert dust outbreak which is above a background aerosol layer) into one boundary layer reaching up to 4 km with water-soluble and transported mineral particles. This approach was adopted as the lower layer is partly masked by the mineral transported layer above it. Extreme cases of desert dust outbreaks reaching as high as 8 km are therefore not covered by this model. Up to now, the surface level is fixed at sea level. Due to humiditydependent components (water soluble, sea salt) two models with 50% and 80% relative humidity have been included for each aerosol mixture. The same set of 40 mixtures is applied to the ATSR-2 AOT and albedo retrieval, and the GOME simulations.
Radiative Transfer Model
[15] All radiative transfer calculations are conducted with a plane-parallel iterative code (successive orders of scattering (SOS)) [Nagel et al., 1978] which includes full multiple scattering. The atmosphere is distributed in at least 15 vertical layers up to 30 km which are subdivided if the total optical thickness of one layer becomes larger than 0.1. This guarantees an accurate modeling of multiple scattering. To correct gas absorption by ozone, oxygen and water vapor in atmospheric window channels, an exponential sum fitting method has been integrated into SOS [Popp, 1995] based on absorption cross sections from LOWTRAN7 [Kneizys et al., 1988] . Ozone columns are taken from GOME measurements, whereas the total water vapor content is fixed at a climatological average of 2.3 g/cm 2 (only the ATSR-2 infrared measurements are affected by it). In order to The table gives percentage contributions to the total AOT of the respective mixtures by the basic components: Watersoluble (waso), water insoluble (inso), sea salt accumulation mode (ssam), coarse mode (sscm), soot, and mineral transported (mitr). Each mix is used with 50% (mixes 1 -20) and 80% (mixes 21 -40) relative humidity (column 3). Additionally, the height of the boundary layer (column 4) is increased from 2 to 3 or 4 km for some mixtures where this typically occurs. The mixture names describe the typical origin of the particle ensembles. account for the strong forward peak of aerosol scattering on large particles a delta-peak approximation is combined with an expansion of the phase function into associated Legendre polynomials up to the order of 450 (order of expansion is selected automatically to meet an accuracy criterion of 1%). For a fast application in the aerosol retrieval precalculated radiative transfer tables are used. Spectral reflectances are then calculated from biquadratic polynomials as a function of surface albedo and AOT. Vertical profiles of pressure, temperature and aerosols are based on the midlatitude summer atmosphere [McClatchey et al., 1972] . The boundary layer aerosol below the boundary layer height given in Table 2 is multiplied by a factor to vary the BLAOT. The bidirectionality of surface reflectance is taken into account in the AOT retrieval with ATSR-2 over dense dark vegetation by using an indicatrix for pine forest [Kriebel, 1977] . As bidirectional behavior is typically defined by the density of vegetation cover this indicatrix is suitable for dense dark vegetation. Furthermore it was shown by Popp [1995] that using any average realistic indicatrix results in fewer errors than assuming Lambertian reflectance behavior. GOME spectra over different surface types are simulated as Lambertian reflectors because the large pixel size makes a weak anisotropic behavior of near-nadir observations plausible.
Accurate Cloud Detection
[16] Accurate cloud detection is an important prerequisite for each aerosol retrieval. The well-established AVHRR Processing Scheme over Cloud Land and Ocean (APOLLO) [Gesell, 1989; Kriebel et al., 1989] (K. T. Kriebel et al., The cloud analysis tool APOLLO: Improvements and validation, submitted to International Journal of Remote Sensing, 2001) software was adapted for ATSR-2 data. Five ATSR-2 channels which are equivalent to AVHRR spectral bands (670 and 870 nm, 3.8, 11, and 12 mm) are used for cloud detection and the 1.6 mm channel is used for separating clouds from snow. APOLLO yields cloud fraction, 4 cloud layers and cloud optical parameters. A typical cloud/snow mask and the corresponding ATSR-2 nadir view as RGB image is shown in the upper part of Figure 2 . A few errors occur along the coast due to the limited accuracy in geolocation through mapping to a land -sea mask, but these coast pixels are not used in SYNAER anyway. Because snow pixels are too bright, they cannot be used for aerosol retrieval (see section 3.5.1) and they are also flagged as forbidden values. APOLLO also determines pixels affected by Sun glint through a combination of a visible reflectance threshold and a geometric calculation of the potential Sun glint area. The capability of retrieving cloud cover in boxes of 1 km 2 provides a significant strength to SYNAER because it reduces the erroneous aerosol detection due to the presence of subpixel clouds significantly. It even allows the exploitation of partly cloudy GOME pixels as described in section 3.8.
ATSR-2 Data Preparation
[17] First, normalized radiance values of ATSR-2 channels at 550, 670, 870, and 1650 nm are converted into physical reflectances and the cloud detection algorithm APOLLO is applied. By use of a global land -water mask data set in APOLLO (which was derived from the World Database 2 of 1960) and a simple median filter pixels in the neighborhood of clouds (which might be affected by cloud shadow) and in coastal areas (where underwater reflectance or suspended sediments and chlorophyll prevail and might mislead the retrieval over water) are marked. Measurements of the 3.7 mm channel are converted into reflectances by subtracting the emission signal based on the 11 mm brightness temperature and assuming an emissivity of 1.0 [similar to Roger and Vermote, 1997] .
3.5. Dark Field Selection and Characterization 3.5.1. Sensitivity of AOT Retrieval to Surface Albedo
[18] Figure 3 shows top-of-the-atmosphere (TOA) reflectance curves in the ATSR-2 channel at 670 nm as a function of AOT for polluted water-soluble aerosols (mixture 10). Each curve represents different values of the underlying (Lambertian) surface albedo from 0.005 to 0.095 in steps of 0.005. It is obvious that the TOA reflectances depend strongly on surface brightness and the sensitivity of aerosol retrieval (the gradient in the graph) decreases with increasing albedo. At a surface albedo of 0.05 the surface albedo must be known with an error of 0.005 to achieve an AOT accuracy of 0.05. Therefore, it is a major task to automatically find and accurately characterize such dark fields in the satellite data. To meet this requirement the following automatic procedure, which is a key element of SYNAER, has been designed.
Dark Fields Over Ocean
[19] Dark water pixels are selected only over deep cloudfree ocean using the water mask and cloud filter described in sections 3.3 and 3.4. Shadow and coastal water pixels may potentially be very dark or affected by ocean color effects. An average fixed albedo value of 0.015 at 870 nm is assumed for the aerosol retrieval over these pixels. The rather high near-infrared albedo value of 0.015 is chosen to account for some minor diffuse wave reflection. Sun glint is also excluded based on APOLLO results.
[20] It is evident that a more sophisticated treatment would require a wind speed driven adjustment of the ocean albedo and accounting for varying chlorophyll absorption. However, this was not included to avoid another complexity in the algorithm. The case study applications which have been conducted so far show a good agreement of simulated and measured GOME spectra over water so that for the large GOME pixels of 80 Â 40 km 2 the accuracy of this rather crude open ocean treatment can be accepted for global studies. An evaluation of this approach will be conducted by future validation with data from oceanic measurement sites.
Dark Fields Over Land: General Principle
[21] Dark ATSR-2 pixels over land are selected on the basis of the 1.6 mm channel and the reflected contribution to the 3.7 mm channel. It is assumed that the aerosol effect at these wavelengths can be neglected for most aerosol types. For large concentrations of huge particles this assumption is not valid, but it seems that the interplay of scattering and absorbing effects (and maybe nonsphericity of the particles) of these aerosols in the midinfrared spectral region allows the application of the method even in this case despite violating the basic principle. This has also been indicated by Kaufman et al. [2000] . Thus, in general all cloud/snow-free pixels with a 1.6 or 3.7 mm reflectance below given thresholds are selected. To reject subpixel snow and ice, open water on bare soil pixels or small inland waters, which are also dark in the 1.6 mm channel but brighter in the visible [King et al., 1999] , a second criterion is applied in combination with the 1.6 mm channel test: the NDVI (NDVI = (R NIR À R red )/(R NIR + R red )) must be larger than a minimum value which is dynamically chosen in a box of 64 Â 64 pixels. Details of this selection procedure will be provided below. SYNAER relies mainly on dark fields selected from the 1.6 mm channel. However, in some sparsely vegetated ATSR-2 frames the number of well-defined (i.e., surface albedo at 1.6 mm < 0.17) dark fields that could be selected was too low to account for aerosol variability on scales of 100 km. Therefore the 3.7 mm channel and a second (brighter) 1.6 mm derived dark field class are used which yield a sufficient density of dark fields in all investigated frames except in desert areas. These secondary dark field classes are only exploited if the primary class contains not enough pixels.
[22] For the pixels selected through this scheme the dark field albedo values at 670 nm can then be estimated from the 1.6 and 3.7 mm reflectances by dividing them by a conversion factor of 3.7 and 0.8, respectively. The value of 3.7 at 1.6 mm was selected on the basis of some Landsat-5 TM case studies (see section 3.5.5), whereas the value of 0.8 at 3.8 mm was derived experimentally with some GOME/ATSR-2 test pixels. The correlation of reflectances of vegetated pixels in the visible and midinfrared channels can be understood by similar characteristics of vegetation and soil in both wavelength regions: Vegetation decreases reflectivity due to chlorophyll absorption in the visible and due to absorption by liquid water in the midinfrared. Wet soil has a lower reflectance in the visible due to trapping of TOA reflectances in the ATSR-2 channel at 670 nm are simulated for an aerosol mixture of 80% watersoluble and 20% soot particles (mix 10 in Table 1 ) as a function of AOT at 670 nm in the boundary layer for different surface albedo values ranging from 0.005 (lowest curve) to 0.095 (uppermost curve) with albedo steps of 0.005. Solar elevation is 52°, observation angle 14°, and the relative azimuth 116°(a typical condition in a GOME and the corresponding ATSR-2 measurement).
light and again in the midinfrared due to liquid water absorption. Other influences such as surface roughness, shadows, and inclination effects decrease the reflectance values across the entire solar spectrum [Kaufman and Remer, 1994] . Kaufman et al. [1997b] suggest a similar selection scheme based on the 2.1 and 3.8 mm channels of the MODIS sensor onboard the TERRA-1 platform. 3.5.4. Dark Fields Over Land: Details of Selecting Scheme
[23] The accuracy of the retrieved spectral optical thickness values depends highly on the exact knowledge of the surface albedo of the dark fields and decreases with increasing surface albedo (see section 3.5.1). The conversion factor from the IR wavelengths to the VIS wavelengths is just an average value and therefore not explicitly valid for all pixels and situations. This might result in a significant scatter of the later retrieved BLAOT values even for neighboring pixels. Therefore, a minimum number of adjacent pixels have to be exploited during the dark field selection to allow for an appropriate averaging. Especially in areas with sparse dark fields singular outlier values must be rejected by comparison to the nearest available dark fields.
[24] To deal with these requirements the selection scheme is a stepwise process. Dark fields are grouped into 3 different classes with increasing surface albedo, i.e., decreasing retrieval accuracy. Values for NDVI max and R 3.7mmmin are selected in boxes of 64 Â 64 ATSR-2 pixels. The threshold values were chosen as an optimal compromise between finding a suitable number of dark fields in different climate zones and restricting the detection to the darkest available pixels in the visible channel. For the selection of dark pixels an iterative scheme is used within boxes of 25 Â 25 pixels: Only dark pixels of the lowest available, i.e., most accurate class are exploited. So far, no evaluation of benefits and difficulties encountered with the dark field selection in the two channels has been conducted. It is, for example, not clear how much the retrieval accuracy based on the 3.7 mm channel (class 2) suffers from the simple emission correction that was used (see section 3.4). 3.5.5. Dark Fields Over Land: Investigation of the Conversion Factor With Landsat Data [25] To justify the selection of the value of 3.7 as conversion factor from the 1.6 mm channel to the 670 nm channel (see section 3.5.3) a case study was conducted. Three Landsat-5 Thematic Mapper (TM) quarter scenes in Germany were resampled to 1 Â 1 km 2 pixels and classified with a simple scheme. The visible/near-infrared channels were corrected for atmospheric effects with the automatic correction algorithm ClearView [Holzer- Popp et al., 2001 Popp et al., , 2002 . In ClearView aerosols are characterized similarly as in SYNAER but based on the 0.49 nm and the 2.2 mm channel solely. Threshold values of 0.05/0.10/0.15 were used to find dark fields in three classes at 2.2 mm. The reflectance in the blue channel was then assumed as 1/4 of the MIR channel reflectance. This is exactly the scheme suggested by Kaufman et al. [1997b] for MODIS. The type of aerosol was selected among 7 preset mixtures by retrieving AOT in a second channel (670 nm with a conversion factor of 1/2 for the surface albedo values of dark fields found in the 2.2 mm channel). On the basis of these corrected Landsat-5 TM surface reflectances the conversion factor, as well as suitable threshold values for the 1.6 mm channel, were investigated. The conversion factor showed significant scatter between pixels. But it was found that the averaging strategy for dark fields is successful and the surface albedo of the dark fields in the visible can be characterized with satisfactory accuracy. One example of the reflectance average values in these dark field classes for visible and 1.6 mm channels is shown in Figure 4 (Landsat-5 quarter scene 193-25 of 9 July 1984 around Bayreuth/Germany, 24 land cover classes of which 8 classes were selected as dark field classes). For thresholds of NDVI > 0.59 and R 1.6mm < 0.23 a conversion factor of 3.2 was found, leading to an estimation accuracy (rms error) of the 670 nm surface albedo of 0.0024. In two further Landsat-5 scenes over Germany (30 June 1993 near Göttingen and 9 July 1984 near Nürnberg) this factor was found to be 4.3 and 3.7. For these 3 scenes the average conversion factor of 3.7 (which is plotted as solid line in Figure 4 ) leads to an average error of the estimated visible surface albedo of 0.05 (0.01) for 1.6 mm reflectances smaller than 0.13 (0.23). This meets the accuracy requirement set by Kaufman et al. [1997a] and also by the sensitivity study shown in Figure 3 to achieve an accuracy goal of 0.05 for the AOT. A task for the future will be the investigation of further scenes in other climate zones to demonstrate the global applicability. However, the validation results (in part 2) with cases on all continents indicate that the scheme can be applied to large areas of the globe. An equivalent investigation of the suitability of dark fields selected from reflectances at 3.7 mm was not possible as Landsat-5 has no such channel.
Retrieving BLAOT and Surface Albedo for One Aerosol Type
[26] Using the estimated surface albedo and pretabulated radiative transfer calculations the TOA reflectance over dark field pixels is inverted into values of AOT at 670 nm (over land) and 870 nm (over ocean). In the inversion TOA reflectances are interpolated between the pretabulated values by a second-order polynomial as a function of surface albedo and AOT. These calculations are conducted for all 40 different boundary layer aerosol mixtures described above. The OPAC database includes a well-defined spectral dependence of the aerosol extinction coefficient. This allows an easy, and for a certain aerosol mixture, unique conversion to other wavelengths by multiplying a wavelength-dependent factor. Thus, the retrieval can be conducted at wavelengths that are best suited due to darkest surfaces, most accurate albedo characterization, and highest aerosol sensitivity. With the well-defined spectral dependence of the extinction for each aerosol mixture these values are then converted to the reference wavelength of 550 nm.
[27] Even after the rather complex scheme of selecting an optimum set of dark fields described above, a significant scatter of the BLAOT values at adjacent dark fields remains.
Therefore, an interpolation and smoothing procedure is applied. The basic assumption behind this procedure is that aerosol variability has, in most cases, a scale of many kilometers. The following steps are conducted: In boxes of 4 Â 4, 16 Â 16, and 64 Â 64 pixels all AOT values which are outside a 1 À s interval are excluded if enough pixels are available for the statistics (10, 40, 100). For the remaining pixels a 25 Â 25 ATSR-2 box average is calculated as aot box ¼ 0:4 aot boxÀmean þ 0:6 aot boxÀminimum since it was found that a simple average calculation results in AOT values, which are too large. This indicates that some of the dark fields that yield higher AOT values are still not fulfilling the assumptions. This is not yet completely understood and needs further investigation but can be overcome by this formula. King et al. [1999] report similar problems and therefore use only those results between 10% and 40% of a histogram of retrieved dark field AOT values in a 10 Â 10 box of MODIS. If no dark fields are available inside a box the average is found by inverse distanceweighted interpolation between the nearest adjacent boxes which contain dark fields. In this interpolation the radius is increased until at least 3 quadrants around the missing value contain AOT results. Then, AOT values for every individual pixel are calculated by means of an inverse distanceweighted interpolation function between these (now regularly distributed) box average values. Finally, a smoothing filter with a width of 13 (25/2 rounded) pixels is applied. The overlap of box sizes of 4/16/64 for the 1 À s exclusion test and 25/13 for the averaging and smoothing was selected to assure best exploitation of available dark fields, i.e., avoid singular erroneous values and get best possible horizontal resolution especially in the case of sparsely distributed dark fields.
[28] Using this pixel mask of AOT a pixel-wise atmospheric correction (EXACT scheme [Popp, 1995] ) can be conducted which results in surface albedo pixel masks at the ATSR-2 wavelengths 550, 670, and 870 nm. EXACT conducts atmospheric correction by fully taking into account multiple scattering effects of aerosols and molecules, as well as ozone, water vapor and aerosol absorption. It is based on the same radiative transfer code (SOS) as the other parts of the SYNAER method and the same aerosol model. The aerosol optical depth for each pixel is taken from the dark pixel derived AOT mask and the type of aerosol is chosen from Table 1 for each of the 40 mixtures. By knowing the aerosol's type its properties can be transferred from 550 nm to the other ATSR-2 channels at 670 and 870 nm. Because EXACT is applied for 40 aerosol mixtures it yields 40 sets of trispectral atmospherically corrected surface albedos.
[29] The lower part of Figure 2 shows the results of the ATSR-2 calculations for 1 frame of 512 Â 512 pixels and for one (polluted water-soluble aerosol, see 10 in Table 1 ) out of the 40 aerosol mixtures. Based on the multispectral reflectance image (upper left: TOA reflectances) dark fields are selected (upper right); after the inversion and interpolation an AOT mask is calculated (lower left) and the atmospheric correction leads to a surface albedo image Figure 4 . Conversion factor determination in a Landsat-5 image. Atmospherically corrected mean reflectances of potential dark field classes averaged from pixels resampled to 1.1 km 2 at 670 nm (multiplied by a factor of 1000) versus TOA 1.6 mm reflectances (multiplied by a factor of 1000) in a Landsat-5 TM quarter scene of image 193-25 on 9 July 1984 near Bayreuth/Germany. Selected dark field classes obey the following selection criteria: reflectances at 1.6 mm are between 0.01 and 0.23; NDVI values are above 0.59. The line plotted in the graph indicates the average correlation between the two channels with a factor of 3.7, which is used in SYNAER.
(lower right). One can see the suitable distribution and density of dark fields in the cloud-free area and the increased dynamics in the corrected surface albedo image. An indication that a successful aerosol retrieval was made is the fact that surface patterns from the reflectance and albedo image are not visible in the retrieved AOT layer. Cloud covered pixels have been excluded (white pixels) where some remaining cloud detection error is visible by the high TOA reflectance and surface albedo values (in red). It should be noted that these cloud detection errors are not critical as the shadow filter excludes pixels near clouds from the aerosol retrieval.
[30] In summary, the ATSR-2 retrieval yields the cloud fraction of each pixel, the AOT (stored at 550 nm), and the surface albedo values at 550, 670, and 870 nm for all cloudfree pixels. It should be kept in mind that the degree of darkness and density of the dark fields impose some limitation on the accuracy of this approach. But, it was found that a sufficient number of well-characterized dark fields can be found in many locations around the globe. The set of these parameters is derived 40 times for the different aerosol mixtures each with known spectral dependence of aerosol extinction, absorption, and phase function.
GOME Data Preparation
[31] At this point surface and aerosol results for all 40 aerosol mixtures are available but the decision of the best suitable aerosol mixture is still open. A bispectral (550 and 670 nm) ''ATSR-only'' method failed as the 550 nm channel has a much weaker correlation to the midinfrared spectral range due to strong vegetation influences. Attempts to use the two viewing angles of ATSR-2 were not successful as the coregistration of both views (which is done by the data distributor without using a digital elevation model) showed significant errors in structured terrain and thus the two measurements did not contain the same target. Therefore, the simultaneously measured GOME spectra are used in order to exploit their additional spectral information. It is not really expected that 40 different mixtures can be separated but this large number is tested to guarantee an accurate simulation of the truth in the observed atmospheric spectra.
[32] For the GOME reflectance spectra a ''jump correction'' [Slijkhuis, 1999] is applied. The detector arrays of GOME were designed for serial readout, such that the last pixel of the array is read out slightly later than the first pixel. For example, the last pixels of channel 3 record the same wavelengths as the first pixels in channel 4, but at an integration time which is shifted by 0.09 s. As result there might be a radiance ''jump'' if intensity varies with time which happens if a pixel with inhomogeneous ground or clouds is measured. Using information from the polarization measurement devices (PMD) of GOME, which are read out with an integration time much smaller than the detector arrays and synchronized with the first detector pixel, a correction can be applied to renormalize all spectral intensities to the intensity measured at the integration time of only the first pixel of the arrays. Furthermore, GOME total ozone amount derived for each pixel is used to correct the ozone absorption inside the Chappuis spectral region. To reduce perturbations with high spectral variability (e.g., the Ring effect, a second-order Raman scattering) spectral reflectances at these wavelengths are integrated over windows of 2 nm.
GOME Spectra Cloud Correction
[33] The simulated GOME spectra do not contain any cloud contribution. Therefore, the fit between simulated and measured spectra needs a cloud-corrected GOME ''measured'' spectrum. This is very significant as only few percent of GOME pixels are totally cloud free. The basic idea for cloud correction is the synergetic use of ATSR-2 and GOME information (see Figure 5 for a schematic overview).
[34] ATSR-2 cloud detection discriminates among fully cloudy, partly cloudy and cloud-free ATSR-2 pixels and retrieves the cloud fraction of the partly cloudy (1 Â 1 km 2 ) pixels. Through summation of fully cloudy and partly cloudy ATSR-2 pixel reflectances inside one GOME pixel, the reflectance of the cloudy GOME pixel part is separated from the reflectances of the cloud-free GOME pixel part. For partly cloudy ATSR-2 pixels their cloud cover fraction retrieved from APOLLO is taken into account. The cloudy part of the spectrum seen by GOME (dotted line) can be taken as equal to the ATSR-2 integrated cloudy reflectance (upper black boxes) based on the assumption that the underlying surface within the GOME pixel is, on average, homogeneous. The difference between the integrated reflectance of all ATSR-2 pixels (lower black boxes) and of the cloudy ATSR-2 pixels (upper black boxes) is the necessary correction. This difference is calculated for all three ATSR-2 wavelengths at 560, 670, and 870 nm. Additionally, an extrapolation of the correction to a subset of 10 wavelengths in the GOME spectral range, which are exploited in the SYNAER method (see section 3.9.2), is performed with a second-order fit (dotted line) for nonvegetated surfaces. For vegetated surfaces the influence of the vegetation is modeled with a normalized Sun angle-dependent structure curve that describes how the difference between cloudy and cloud-free spectra is typically modified through vegetation (see Figure 6) . Therefore, the cloudy part of the GOME spectrum is known without any assumption of cloud type or cloud microphysics. Knowing the cloud fraction inside the Figure 5 . Overview of the cloud correction scheme. The cloud-contaminated GOME spectrum (solid line) is corrected for a cloud contribution (dotted line) which has been synthesized based on the differences in simultaneous, spatially integrated ATSR-2 measurements of all cloudcontaminated ATSR-2 pixels against all ATSR-2 pixels in the GOME pixel (black boxes) to calculate the cloud-free GOME spectrum (dashed line). AAC X -10 GOME pixel from the summation of ATSR-2 cloud information, a linear mixing of the cloudy (dotted line) and cloud-free parts of the GOME spectrum into a mixed spectrum (solid line) can be assumed, neglecting nonlinear 3D effects of clouds which are still an unknown issue of ongoing research. This delivers the cloud-corrected GOME spectrum (dashed line).
[35] It was shown by MODTRAN [Kneizys et al., 1996] simulations that a second-order fit from ATSR-2 wavelengths to all GOME wavelengths represents the cloud influence very well for nonvegetated surfaces in the wavelength range between 400 and 800 nm. It should be noted that the gas absorption bands cannot be fitted, but this does not matter as SYNAER exploits only wavelengths selected especially for low gas absorption (see section 3.9.2). These simulations were performed for several cloud types (cumulus, stratus, altostratus, nimbostratus, stratocumulus, and cirrus as described in MODTRAN, based on the works of Silverman and Sprague [1970] and Falcone et al. [1979] ), for cloud top heights varying between 0.5 and 10 km, for solar zenith angles between 0°and 80°, for several aerosol types (urban, rural, maritime, tropospheric, desert as described in MODTRAN) and the surface types of the Köpke/Kriebel and Guzzi databases (see Figure 7) . The ozone amount was always set to zero due to the fact that in SYNAER a separate ozone correction using GOME ozone columns is performed before the cloud correction. The absolute difference between second-order fit and simulated cloud spectrum is typically less than 0.02 reflectance units (at 400 nm). For pixels with vegetation as the underlying surface an additional step is necessary. As the spectral position of the surface albedo features of vegetation (e.g., chlorophyll absorption, red -green edge) are well known, only the amplitude of their influence has to be described. Normalized Sun angle-dependent structure curves were calculated as ratio of the difference between cloudy and cloud-free reflectances and the second-order fit for the nonvegetated surfaces. Using these curves the second-order fit is adapted to the cloud correction value through multiplication. The procedure was validated for GOME pixels with up to 35% cloud coverage; for high cloud fractions it is expected that the inaccuracy of this approach dominates the total inaccuracy and spoils the entire retrieval procedure.
[36] The upper part of Figure 8 shows one example of the GOME spectrum preprocessing. Based on cloudy ATSR-2 pixels a cloud spectrum (light green) which is brighter than the total GOME pixel spectrum (red) is calculated. From the GOME total ozone amount of 296 DU the ozone absorption factor spectrum (pink) is derived. The cloud spectrum, ozone spectrum and ATSR-2 derived cloud fraction of 11.5% in the GOME pixel are then used to derive a corrected ''measured'' spectrum (dark green) which is used as a reference for the comparison with the set of 40 simulated spectra. Spikes and overlapping parts in the measured GOME spectrum can be seen at the edges of the bands of the instrument around 405 and 590 nm. These regions are avoided in the data exploitation.
3.9. Getting the Most Plausible Aerosol Type 3.9.1. Simulation of GOME Surface Spectra [37] As a first step ATSR-2 results are colocated and resampled to match the larger GOME pixels. From the accuracies of geolocations specified for both instruments an error of the respective surface area of 1/2 pixel along the edge of the GOME pixel can be assumed yielding a relative error of 1/2 * (80 + 40 + 80 + 40)/(80 * 40) ffi 4%. The radiometric relative accuracy between the two instruments was investigated by Koeljemeier et al. [1997] and found to be 2% and 4% at 550 and 670 nm, respectively.
[38] A surface albedo spectrum is needed for the extrapolation of the surface spectrum to the blue and UV spectral Figure 6 . Handling of vegetated surfaces in the cloud correction. The influence of vegetation on the cloud correction is described by normalized solar zenith angle-dependent structure curves with values between 0.65 and 1.45 as function of wavelength. These structure curves describe the typical relative spectral behavior of vegetation influence on cloud spectra and are multiplied to the ATSR-2 based correction term (see Figure 5 ). range where ATSR-2 information is not available. Its form is chosen out of 12 available data sets (see Figure 7) [Guzzi et al., 1998; Köpke and Kriebel, 1987] and adapted to absolute values of the derived ATSR-2 surface albedos at the 3 radiometer wavelengths (for an example see blue line in the upper part of Figure 8 ). The selection of the surface type is based on brightness (snow in the green channel brighter than 0.25, water in the near-infrared channel darker than 0.03), NDVI and a green-to-red ratio GRR = R green / R red which are derived from the ATSR-2 derived three spectral surface albedo values. In the selection scheme NDVI and GRR are compared to the values from the 10 signature curves (except water and snow) in Figure 7 to choose the type with the closest coincidences of both values. The surface albedo value at 330 nm is kept fixed for each type. This means that the choice of one of the 12 surface spectral curves defines only details of the spectral form of the surface albedo signature in the GOME spectrum. However, the absolute values (except for 330 nm) are exactly defined by the corrected ATSR-2 values at 550, 670, and 870 nm and interpolated linearly in between. This adjustment scheme is applied to both land and water dominated GOME pixels. 3.9.2. Selecting the Most Plausible Aerosol Mixture by Comparison of Simulated and Measured GOME Spectra
[39] Using the surface and aerosol spectral information GOME spectra can be simulated for the 40 mixtures with the pretabulated radiative transfer calculations. By a simple unweighted least squares fit of the 40 simulations to the cloud-corrected ''measured'' spectrum the simulated spectrum which best fits is selected. This spectrum is then assumed to represent the real (surface and atmospheric) conditions in the pixel, and its AOT and type of aerosol are taken as the retrieval result. This procedure is conducted at 10 wavelengths which have been selected due to their high aerosol sensitivity and low uncertainty due to instrument errors, surface brightness and gas absorption: 415, 427, 460, 485, 500, 516, 535, 554, 615 , and 675 nm. Wavelengths above 700 nm are not utilized because the simulation often does not fit the bright vegetation peak. Wavelengths shorter than 415 nm are not used as they suffer from a strong sensitivity to the boundary layer height for absorbing aerosols.
[40] One example of the variance among the 40 simulations and the achieved fit can be seen in the lower part of Figure 8 where results of a GOME pixel with an AOT at 550 nm of 0.15 and a selected aerosol type of a polluted water-soluble particle mixture are shown. It shows a typical GOME spectrum over land for a low cloud fraction (3.8%) in black, the best fitted simulation spectrum in the GOME retrieval is plotted in yellow and the differences of both in light blue. It should be noted that the simulations have no variance between the 40 aerosol mixtures in the range 550 -670 nm since these 2 wavelengths pin down the combination of AOT and surface albedo for each of the 40 mixtures to the measured ATSR-2 (and thus GOME) reflectances. However, for shorter and longer wavelengths a significant variation can be seen although the rather bright surface albedo of 0.08 in the visible and a rather low AOT value of 0.15 mean a low aerosol impact on the signal. For larger AOT the 40 simulated spectra show a more significant difference (e.g., 0.06 at 415 nm for an AOT value at 550 nm of 0.5) as was investigated as part of some limited sensitivity calculations. Thus, for cases with darker surfaces and higher aerosol loads there is a more pronounced sensitivity to the amount and type of aerosol in the spectra. Two simulations are far away from the measurement because the retrieval leads to a different choice of the surface type and thus a completely different (brighter) surface spectrum. It can also be seen that the near-infrared part of the spectrum leaves a comparatively large deviation between all simulations and the measured spectrum. This is most likely due to changes of the water vapor impact in the ATSR-2 channel at 870 nm which were not accounted for (using a climatological value of 2.3 g/cm 2 for the total water vapor column) and the higher vegetation signal which makes the simulation more sensitive to errors in the adaption of the surface spectrum. Therefore this part of the spectrum was not exploited.
Quality Assurance
[41] As a quality check GOME reflectances corresponding to ATSR-2 channels are calculated and compared in order to detect large deviations that indicate perturbed pixels. Furthermore, pixels where the fit error is larger than an error due to an assumed 3% accuracy of the spectral reflectances are also excluded for both AOT and type retrieval. These problems may be due to instrument errors, to 3D scattering from broken clouds inside or near the GOME pixel, or to remaining inaccuracies in the GOME/ ATSR-2 radiometric correlation.
[42] Finally, an ambiguity test is applied which compares the fit error with the mean deviation between the spectra of the 40 simulated mixtures. Only those GOME pixels where the fit is more accurate than this variability are exploited in terms of the type of aerosol. Thus, especially for pixels with low aerosol content, and therefore low differences between the 40 simulated spectra, the aerosol type cannot be derived. Details of this ambiguity test will be revisited if a larger amount of data becomes available.
Discussion and Conclusions
[43] SYNAER, the first synergetic retrieval method for AOT and type in the boundary layer over land and ocean from GOME and ATSR-2 data, was developed. It includes an accurate cloud detection for ATSR-2. A method to cope Figure 7 . (opposite) Surface signature database. Surface albedo signatures of 12 surface types as described by Guzzi et al. [1998] (lower graph) and Köpke and Kriebel [1987] (upper graph). These signatures are used to define the detailed form of the surface spectrum. For this purpose, the signatures are adjusted to absolute values on the basis of the spatially integrated ATSR-2-derived surface albedo values at 550, 670, and 870 nm. For each aerosol of the 40 aerosol mixtures, the surface type is selected based on the corresponding NDVI, brightness, and green-to-red ratio values and then used for the simulation of the GOME spectrum for this mixture. See color version of this figure at back of this issue. Upper part: Example of GOME preprocessing. Measured GOME spectrum (black), extracted spectrum at 20 selected wavelengths (red), cloudy part of GOME spectrum (highest curve in light green), ozone absorption factor (pink), surface albedo spectrum for the selected aerosol mixture (blue) and cloudcorrected GOME spectrum (dark green) for pixel 759, orbit 17,354 on 15 August 1998 at 50.03°N/ 7.93°E. The cloud fraction in the GOME spectrum is 11.5%. The pixel is completely over land. Lower part: Example GOME spectrum simulations and result. The full GOME spectrum is plotted in black (solid line), the extracted spectrum at 20 selected wavelengths, and the cloud-corrected spectrum are given in red and green. Forty simulations are plotted with dashed black lines; the best-fit simulation is given in yellow and the difference in light blue (at the bottom). The GOME pixel 822 of orbit 12,129 on 15 August 1997 at 45.12°N/11.95°E has a cloud fraction of 3.8%. The retrieved AOT is 0.15 and the visible surface albedo 0.08. The pixel has 5.5% water area and an NDVI of 0.61. The retrieval yields an aerosol mixture of 80% water-soluble and 20% soot. See color version of this figure at back of this issue. AAC X -14 with partly cloud covered GOME pixels by use of the spatially better resolved ATSR-2 measurements was developed by model calculations. It assumes a linear mixing of cloudy and cloud-free signals, neglecting nonlinear 3D effects in inhomogeneous clouds. First case studies (application and validation) are presented in part 2 of this paper [Holzer-Popp et al., 2002] .
[44] Both, nadir and forward ATSR-2 reflectances were used, but forward reflectances seem to yield inaccurate results. Up to now, the standard coregistration of nadir and forward view is done without any digital elevation model. Thus, the air masses seen in both views are not exactly the same if the surface elevations vary greatly. For the AATSR sensor an improved coregistration using an elevation model is planned so that the biangular approach can also be investigated over structured terrain. Its application to flat terrain was demonstrated by Veefkind et al. [1998] .
[45] SYNAER is based on physical understanding and uses accurate modeling of radiative transfer through the atmosphere and scattering by aerosol particles. However, the final selection of thresholds, box sizes and conversion factors for finding and characterizing dark fields relies to some extent on an empirical optimization that was conducted with about 2600 GOME pixels and corresponding ATSR-2 measurements of about 220 frames. The major goal in this optimization procedure was to find the best balance between computing costs (e.g., number of aerosol mixtures, number of wavelengths, box size for interpolation) and sufficient information content to account for a realistic variability of aerosols and the surface (e.g., density and degree of darkness of dark fields in most climate zones). Fortunately, this process showed that SYNAER retrieval results are not highly dependent on the details of the dark field selection. This can be understood as the retrieval utilizes an average over several dark fields thus preventing dependence on a single selected pixel. Several averaging steps in the algorithm are used to define background or surrounding conditions. As box size for these steps, values of powers of 2 were used (which suit some mathematics algorithms best). In other algorithms multiples of 25 were used as 25 km was found to be the best compromise between variability scales of aerosols (tens of km) and availability of sufficient numbers of 1 Â 1 km 2 pixels in the boxes for a statistical approach.
[46] A limited number of radiative transfer calculations were conducted in order to understand and prove the sensitivity of the core parts of the algorithm (ATSR-2 dark field inversion, GOME cloud correction, GOME spectra simulations for different aerosol mixtures). However, a comprehensive sensitivity study, including all possible geometric-atmospheric conditions and also nonlinearities between the key parameters, would have gone far beyond the scope of this investigation. Due to the experimental component in the SYNAER method it can be expected, that a more extensive validation effort in the future will deliver a meaningful error assessment.
[47] SYNAER relies on two major basic assumptions, which impose limitations. First, the dark field approach based on the 1.6 mm channel, together with the NDVI, and the 3.7 mm channel reflectivity, limits the applicability in semiarid areas. Second, the aerosol model includes several simplifications, which might lead to failure of SYNAER under certain conditions.
[48] The dark field approach is based on the physically motivated correlation between midinfrared and visible reflectances of vegetated and some nonvegetated surfaces and the assumption that aerosol scattering decreases significantly in the midinfrared region. The assumption of the correlation was supported by both the investigation of some Landsat-5 scenes and the validation results of SYNAER [see Holzer -Popp et al., 2002] . However, the global applicability and stability of this approach needs further investigation. Limitations in semiarid areas are expected. It should be noted, that the major approaches in the community for operational multispectral aerosol monitoring over land (e.g., MODIS) rely on comparable basic assumptions. The exploitation of a new wavelength subregion around 1.6 mm was found to have more restrictions than the 2.2 mm channel. On the one hand, the remaining aerosol extinction in this channel is stronger by a factor of about 2 for small particles which reduces retrieval accuracy for high aerosol loading. On the other hand, snow and inland water are also dark at this channel. Therefore, the vegetation index was used as a second criterion to stabilize the dark field selection. Thus now four major dark field approaches were demonstrated: three exploiting midinfrared to visible correlations based on: 2.2 mm [Kaufman et al., 1997b] , 3.7/3.8 mm [Kaufman et al., 1997b; this paper] , and 1.6 mm together with the NDVI (this paper), and the fourth one (the oldest) assuming fixed dark field albedos for targets selected from the 870 nm channel and the ratio vegetation index [Kaufman and Sendra, 1989] . Future applications and comparisons between these approaches and with other case study aerosol retrievals will be valuable in identifying weaknesses and strengths of the various methods.
[49] The SYNAER aerosol model assumes horizontal aerosol variability at scales above 10 km and includes only spherical particles (which can be treated with Mie calculations). An external mixing of representative components is assumed. These components describe ensembles of optically equivalent (but chemically different) particles with their fixed combinations of extinction, absorption, phase function, vertical profiles and size distribution in several size modes based on measured aerosol particle mixtures. A set of 40 mixtures was chosen as representative for real variability in order to keep calculation times within a reasonable limit. Particle swelling due to increased humidity was taken into account with two relative humidity values of 50% and 80% for all mixtures. It is possible to include new effective optical properties (e.g., nonsphericity or internal mixing) in the scalar radiative transfer calculations if this becomes available for further understanding of aerosols. Eventually, the current soot component should be replaced by two different components representing different size distributions and mixing modes of combustion and biomass burning soot particles. Evidently, the component-based mixing approach allows the separation of these basic components but not the detection of individual molecules, which would be of interest for chemical investigations. This is self-evident due to the fact that the optical features, and thus the impact on the measured reflectances are almost equal for the molecules in one component.
[50] Further assumptions are used in the method: SYNAER has a rather high technical complexity as it exploits synergetic measurements of two sensors. It relies on the high radiometric accuracy and correlation of these 2 instruments to extract the rather weak aerosol signals from the observations. SYNAER relies on reference signatures of several surface types, which are adjusted to absolute values on the basis of the ATSR-2 albedo measurements. In the UV and blue spectral region the simulation of GOME spectra over water relies solely on ATSR-2 derived surface albedo values at 550, 670, and 870 nm and one spectral signature of open ocean water whereas variations in chlorophyll content and wind-driven diffuse glint are not taken into account. A plane-parallel radiative transfer model is used, limiting the applicability to data with solar elevations above 15°.
[51] Further work will be conducted to include a digital elevation model to account for altitude dependency of the Rayleigh scattering, which becomes important especially in the UV. Furthermore, temperature, water vapor column and humidity observations from (A)TOVS [Li et al., 2000] , and potentially further in the future from Meteosat Second Generation geostationary observations (multitemporal split window technique), will be used to constrain the influence of water vapor absorption and relative humidity on the retrieval. In the range of 415 -500 nm the lack of knowledge of the vertical aerosol profile is another source of error for absorbing aerosols. Therefore, future work will be done on the retrieval of vertical aerosol profiles from GOME UV spectra. Radiative transfer calculations indicate that it could be feasible to retrieve aerosol optical depths for the boundary layer, free troposphere, and stratosphere or the height of the boundary layer.
[52] Within the setup of a processor for atmospheric value added products, the German Remote Sensing Data Center (DFD) of the German Aerospace Center (DLR) will operationalize the SYNAER method for Envisat and METOP. Finally, it should be noted that the future potential of SYNAER for practical applications as atmospheric correction [Holzer-Popp et al., 2001 , surface UV mapping [Bittner and Erbertseder, 2000; Meerkötter et al., 1999] , observation of incoming radiation available at the surface for photovoltaic and solar thermal devices and photosynthesis activity [Schroedter et al., 2000; Holzer-Popp et al., 2000a] , and air pollution monitoring [Holzer-Popp et al., 2000b ] is large. [1998] (lower graph) and Köpke and Kriebel [1987] (upper graph). These signatures are used to define the detailed form of the surface spectrum. For this purpose, the signatures are adjusted to absolute values on the basis of the spatially integrated ATSR-2-derived surface albedo values at 550, 670, and 870 nm. For each aerosol of the 40 aerosol mixtures, the surface type is selected based on the corresponding NDVI, brightness, and green-to-red ratio values and then used for the simulation of the GOME spectrum for this mixture. AAC X -13 Figure 8 . Upper part: Example of GOME preprocessing. Measured GOME spectrum (black), extracted spectrum at 20 selected wavelengths (red), cloudy part of GOME spectrum (highest curve in light green), ozone absorption factor (pink), surface albedo spectrum for the selected aerosol mixture (blue) and cloudcorrected GOME spectrum (dark green) for pixel 759, orbit 17,354 on 15 August 1998 at 50.03°N/ 7.93°E. The cloud fraction in the GOME spectrum is 11.5%. The pixel is completely over land. Lower part: Example GOME spectrum simulations and result. The full GOME spectrum is plotted in black (solid line), the extracted spectrum at 20 selected wavelengths, and the cloud-corrected spectrum are given in red and green. Forty simulations are plotted with dashed black lines; the best-fit simulation is given in yellow and the difference in light blue (at the bottom). The GOME pixel 822 of orbit 12,129 on 15 August 1997 at 45.12°N/11.95°E has a cloud fraction of 3.8%. The retrieved AOT is 0.15 and the visible surface albedo 0.08. The pixel has 5.5% water area and an NDVI of 0.61. The retrieval yields an aerosol mixture of 80% water-soluble and 20% soot.
